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Abstract 
Fast reactor spent fuel reprocessing plants should be designed for inherent criticality safety due to high 
plutonium content. Addition of soluble neutron poison is one way to do that.  Gadolinium is the best choice based 
on neutron absorption cross section and chemical compatibility.  In this work, using classical thermodynamic 
approach, the distribution coefficient of gadolinium in tributyl phosphate has been calculated and compared with 
the experimental data. The influence of acidity and uranium at equilibrium on gadolinium distribution in tributyl 
phosphate has been investigated. The result establishes the feasibility of employing gadolinium as soluble 
neutron poison in fast fuel reprocessing. 
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1. Introduction 
Fast reactor spent fuel, unlike its thermal reactor counterpart, has much higher plutonium content and hence 
plant design parameters should facilitate for adequate nuclear criticality safety. This is particularly important for 
the dissolution and conversion steps of reprocessing which are both currently being operated in batch mode in all 
the reprocessing plants of India.  Even for plants with modest throughputs, it is not possible to design a dissolver 
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with geometry as a single parameter control for criticality safety.  One of the other better and well known options 
is the addition of a soluble neutron poison [1 - 3]. Among the few potential candidates, gadolinium is found to be 
the best possible choice as soluble neutron poison due to its high neutron cross section, adequately high solubility 
in nitric acid concentrations prevalent in the processing of fast reactor spent fuel and chemical compatibility in 
the PUREX solvent extraction process conditions [4]. As the recycled fuel specification sets a very stringent 
upper limit for neutron poison impurities, it is imperative that the distribution behavior of gadolinium is studied. 
Thus the immediate and primary purpose of the present work is to generate the PUREX process data for Gd at 
conditions relevant to typical FRFR flowsheet. Though extensive work has been carried out world over on 
abilities of neutral organophosphorous extractants for the nuclear chemical separation applications [5], there is 
not much of quantitative data available in the open literature, especially for the feasibility of removing Gd from 
the spent nuclear fuel using tri-butyl phosphate. The current work is an initiation towards the generation of these 
data. 
Nomenclature 
Gd / U / Pu Gadolinium / Uranium / Plutonium 
DGd   Distribution co-efficient of gadolinium 
F  Volume fraction of TBP 
KGd  Equilibrium constant for gadolinium extraction 
'
HNO3K   Pseudo equilibrium constant for nitric acid extraction 
TBP/NPH Tri-butyl Phosphate / Normal Paraffin Hydrocarbon   
Ns  Total aqueous nitrate salting strength 
T  Temperature in Kelvin 
IC  Ion Chromatography 
FRFR  Fast Reactor Fuel Reprocessing 
PFBR  Prototype Fast Breeder Reactor 
MOX  Mixed Oxide of U and Pu 
DF  Decontamination factor 
ȕ1 and ȕ2 ȕ1 and ȕ2 are the complexation constants for Gd-nitrate 
Ĳ  Temperature dependence parameter 
J  Activity co-efficient 
2. Experimental 
2.1. Reagents and apparatus 
Nitric acid used for the experiments is 70% Analytical grade of Fischer make. TBP used is of 30 volume 
percent in NPH from Aldrich. Gadolinium is used in the form of Gd(NO3)3.6H2O which is 99.9% (REO) 
chemically pure from Alfa Aesar. Gd(III) determinations were done by IC using a modular IC equipment from 
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Metrohm [6 and references therein] that was pre-calibrated. IC was chosen for its simplicity and the minimum 
sample preparation required. The Gd stock solution was analyzed by ICPAES which is then used for calibrating 
the IC equipment for Gd estimation. The mobile phase used for IC analysis was composed of Ethylenediamine 
(99% pure from Merck) and 2-hydroxyisobutyric acid from Aldrich. Solvent extraction was carried out using a 
vortex shaker from Heidolph Reax at a speed of 1600-1700 rpm. The Gd concentrations employed for the 
experiments are 0.6, 1.0, 1.5 and 2.0 g/L. The range covers the estimated Gd required for ensuring nuclear 
criticality safety of the batch dissolver designed to process the 100 GWd/T burn PFBR MOX fuel.  The nitric 
acid concentrations selected for the extraction studies were from 1 to 4.5 mol.L-1 within steps of 0.5 mol.L-1. 
2.2. Procedure 
The aqueous phases were prepared from Gd stock solution and appropriate nitric acid quantities; 10 mL of the 
solution was taken in a 50 ml centrifuge vial. Equal volumes of 30% TBP in NPH are added to each vial and the 
mixture was subjected to stirring at 1600-1700 rpm for 30 mins. The two phases are then allowed to disengage 
completely, which takes about three to five minutes. The two phases are then separated and the acidity and Gd 
concentration measured, with appropriate dilution if necessary. The free acidity of both phases was estimated 
using titration with standardized sodium carbonate. All the experiments were carried out at room temperature of 
around 30qC. For experiments with U, a stock solution of U, in which U was estimated by Davies and Gray 
method [7], was used after appropriate dilution.  
3. Results and Discussion 
3.1. Extraction equilibrium of Gd in TBP-HNO3 system 
The extraction equilibrium of Gd in TBP is very similar to the trivalent lanthanides [8,9] and can be 
represented by the following set of equation. 
 
Gd3+ + 3NO3- + 3TBP ֖ Gd(NO3)3.3TBP (1) 
 
The equilibrium constant for Eq. (1) can be written as, 
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where, the square brackets represents the concentrations and s'J  the activity coefficient of respective species. 
Assuming that various activity coefficients for given concentration of TBP are constant [10], the Eq. (2) then 
becomes, 
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The concentration of free TBP is then estimated as: 
 
]TBPHNO[]TBP3)NO(Gd[3]TBP[]TBP[ 3330f xx  (4) 
 
Where, [TBPo] is initial TBP concentration. Free TBP concentrations in the organic phase are calculated by 
subtracting the amount of HNO3 extracted into the organic phase. It is assumed that the major complex with 
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nitric acid is 1:1 TBP: HNO3 complex, because higher solvate of nitric acid HNO3.2TBP and HNO3.3TBP are not 
considered because they are not expected to be significant under the conditions prevailing in the PUREX streams 
[11].  The complexation of gadolinium with TBP is considered negligible as their concentrations are low. In 
absence of experimental nitric acid extraction data (i.e. in absence of value of organic phase acidity) 
concentration of free TBP can be estimated by the following relation: 
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where, 'HNO3K is the equilibrium constant for the nitric acid extraction, which can be determined by the 
following empirical relation given by G.L. Richardson [12] 
 
)340exp()]F15exp(54.01[KK *HNO
'
HNO 33 W  (6) 
 
In Eq. (6), F is the volume fraction of TBP in the organic phase. The relation  15.298/1T/1  W  gives the 
temperature dependence. The correlated equilibrium constant *HNO3K is given by, 
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where, Ns is the total aqueous nitrate salting strength and is given by (in the case of present work), 
 
]H[]Gd[N 3s
   (8) 
 
In our studies we measured free acidity of both phases using titration with standardized sodium carbonate 
solution. The distribution coefficient of gadolinium is defined as, 
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where, ȕ1 and ȕ2 are the complexation constants for Gd-nitrate. Eq. (5) can be rearranged to the form of a 
polynomial to give, 
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The complexation constants ȕ1, ȕ2 and
'
GdK were obtained by a least square fit using the extraction data for Gd 
and HNO3. We attempted to correlate experimental data only with one complexation constant (i.e. with ȕ1) for 
Gd-nitrate but were not successful. The values of ȕ1, ȕ2 and 
'
GdK  were found to be 0.8841, 1.6125 and 0.1141 
respectively. S. Anderson et al [13] has reported the value of ȕ1 = 0.5 and 1.62 at 2 M and 5M respectively, 
which is in accordance with the value reported here. The values of ȕ2 and 
'
GdK  for the extraction Gd by TBP are 
not reported in literature with best of our knowledge hence could not be compared.  
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Fig.1 Parity plot for distribution coefficient gadolinium 
3.2 Effect of nitric acid concentration on DGd
The distribution coefficients of Gd depends upon the concentration of nitric acid, nitrate ion, temperature and 
concentration of TBP as is observed from the Eq.(3). The variation of distribution coefficients of Gd with nitric 
acid concentration is shown in the Fig. 2a. It is noticed that distribution coefficient of gadolinium increases with 
nitric acid concentration in the same way irrespective of the gadolinium content though the values change 
depending on the gadolinium concentration. It goes through a maximum at about 3.5 mol.L-1 of nitric acid 
concentration and then drops down, as can be seen in the Fig. 2a. Similar investigation at even higher acidities 
would reveal the complete behavior of Gd with respect to the nitric acid concentration. 
3.3 Effect of Uranium on DGd
The presence of U(VI) was found to have a very strong effect on the distribution ratio of Gd. Feed acidity of 
4N was chosen for investigating the effect of uranium on DGd. Extraction was carried out in the similar way as 
above with feed containing 10 g/L and 30 g/L of uranium. The distribution of U(VI) between the aqueous and the 
organic phases are modeled on the basis of following reaction equilibria: 
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The pseudo equilibrium constant (having embedded activity coefficients) is given by 
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where, the square brackets represents the concentrations of each species. The distribution coefficient, the ratio of 
the organic to aqueous phase concentrations, can be expressed in terms of KU(VI) by the following equation 
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In order to correlate pseudo equilibrium constant in a better way, Richardson [13] grouped KU(VI) and 
x
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Richardson defined the distribution coefficients for HNO3, U(VI) and Pu(IV) in terms of an equilibrium 
constant K* which has been correlated with the total aqueous nitrate salting strength (Ns) by the following 
relations, 
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The total aqueous nitrate salting strength (Ns) in presence of U(VI), Gd and an in-extractable salt can be written 
as,  
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where, xs is the inextracting nitrate concentration, e.g., NaNO3, hydrazine nitrate, HAN etc.  
 
DGd was found to decrease exponentially as uranium is added to the feed. The Fig. 2 (b) depicts the effect of 
U(VI) concentration on DGd. As U(VI) is highly extractible by TBP, the availability of free TBP decreases as 
uranium in the feed increases. This in turn results in the poor extraction of Gd as depicted in the Fig. 2(b). We 
could not model the effect U(VI) concentration on the distribution behavior of Gd as it requires some more 
experimental data at various acidities and U(VI) concentrations. Further detailed studies are in progress to model 
the effect of U(VI) and inextractable nitrate salts on the distribution behavior of Gd. 
   
(a) (b) 
Fig. 2: (a) Distribution coefficient of Gd as a function of nitric acid concentration (b) DGd as a function of U concentration 
3.2. Effect of other parameters on DGd
Management of gadolinium in nuclear fuel cycle operations require the complete understanding of the 
behavior of Gd during the various process steps involved namely reprocessing and waste management.  Though 
the effect of Gd concentration and acidity was investigated for the FRFR condition which is of immediate 
requirement, continuation of these studies at still higher acidity and Gd concentration is required for the 
sustainable Gd management during the treatment of the nuclear wastes. Other parameters which are to be 
considered are the level of solvent and diluent degradation products which is always found to affect the 
distribution of any extractable species in PUREX process and the presence of fission products. 
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3.3. Influence of DGd on the FRFR flowsheet to meet the final product specification 
The amount of Gd added as soluble neutron poison is much higher than fission product in PFBR spent fuel 
with a peak burn up of 100 GWD/t [14,15]. Typically the concentration is about 120 g/kg of spent fuel.  For the 
fresh fuel, the typical specification for all neutron poison nuclides put together, which is referred as equivalent 
boron contribution (EBC), is about 5.5 ppm. Since there is no data available for the percentage of Gd allowable 
within the EBC limit, it is conservatively assumed that the total amount of Gd contribute to it. Thus the typical 
DF required to obtain the specification of EBC is around 2.2x104. As the distribution ratio of Gd is between 10-3 
and 10-2 in the presence of U as given in Fig. 2(b), it is possible to get the required decontamination factors with 
less than three scrub stages. These values clearly show the feasibility of decontamination Gd from the fast reactor 
spent fuel. 
4. Conclusion 
The Gd concentration employed for the experiments are too small a variation to figure out the effect of Gd 
concentration on DGd. For the complete understanding of this a large number of data is still required at various 
Gd and nitric acid concentration which are planned to be carried out subsequently.  The Gd solvent extraction 
data presented in this article relevant to FRFR flowsheet clearly depicts the feasibility of decontaminating it from 
the spent fuel taking into account the fresh fuel specification with respect to neutron poison content as impurity. 
First studies with simulated solutions have been performed to examine the influence of some chemical 
parameters like nitric acidity and uranium. Efforts are being taken to generate similar data with mixer settler runs 
in the presence of U, Pu and fission products which would generate more realistic values for DGd. 
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